Abstract. The objective of this study is to investigate the use of microwave plasma treatments as a processing technology for the sintering of metal powders. The volumetric heating process achieved with microwaves is considerably more efficient compared with resistance heating. The sintering study was carried out on 20 mm diameter by 2 mm thick compacted discs of nickel powder, with mean particle size of 1 µm. The discs were fired in a 5 cm diameter microwave plasma ball, under a hydrogen atmosphere at a pressure of 2 kPa. There was an increase in fired pellet transverse rupture strength (TRS) with plasma treatment duration. The mechanical properties of the sintered nickel discs were compared based on TRS, Rockwell hardness tests and density measurements. The morphology of the sintered discs was compared using microscopy and SEM. Comparison disc sintering studies were carried out using both a non plasma microwave and tube furnace firing. Using the microwave plasma sintering process full sintered disc strength of ≈1000 N (based on 3-point bend tests) was achieved after a 10 minute treatment time. In contrast the sintering time in the tube furnace treatment involved total processing time of up to 6 hours. The non plasma microwave system involved intermediate treatment periods of 2 hours. The degree of sintering between the individual nickel powder particles can be precisely controlled by the duration of the treatment time in the plasma.
Introduction
The objective of this study is to compare plasma microwave, non plasma microwave and furnace treatments for the sintering of nickel powders. Nickel was chosen as the test material as it has a wide range of engineering applications due to its corrosion resistance, wear resistance, mechanical strength, thermal expansion, electrical conductivity and magnetic permeability [1] . Nickel forms a metal binder for many bonding applications with other materials such as machine tools.
Sintering is described as a heat treatment during which a powder mass or powder compact is densified and adopts the desired composition [2] . The firing processes changes the "green" body into the final sintered body. There have been a large number of reports in the literature on the microwave interaction with materials including the type of processing microwave heating can offer [3, 4] . Agrawal et. al [4] shows that the volumetric heating experienced in microwave processing is very rapid and reduces the need for external heat sources. Roy et al. [5] describes the improvements for non-plasma microwave processing, including finer grain sizes, more rounded porosity and higher ductility and toughness was present. The grain sizes can be significantly smaller and shrinkage rates can be greater with microwave processing compared with furnace sintering and the produced bodies can have greater densification [7, 8] . These advantages significantly reduce the cycle time for production and the energy consumption per process. Previous plasma microwave studies have been largely limited to the sintering of alumina [10, 11] . This study is the first to systematically investigate the influence of microwave plasma treatment times on the mechanical properties of the sintered metal powders compared with conventional methods. 
Experimental
Nickel powder discs were compacted in a 20 mm die using a hydraulic press. Samples were fabricated from 1 µm INCO T110 nickel powder, containing 3 g of powder per disc with average thickness of 2 mm and with green body density of ≈40%. The compaction conditions ranged from 100 to 350 MPa in increments of 50 MPa. Three discs were compacted at each test condition. The discs were sintered in batches of three using microwave plasma, conventional microwave and tube furnace treatments. The mechanical properties of the sintered discs were characterised by 3-point bend load tests, Rockwell hardness tests and Archimedes Principle to quantify density of the discs. SEM images from a Hitachi desktop SEM were also used for examining the morphology of the samples.
Microwave Plasma Sintering A plasma was formed using a CAP system [12] in a hydrogen atmosphere at 2 KPa. Three disc samples were rotated in a plasma ball at the centre of the chamber. Input powers from the 2.45 GHz Mugge power supply were 1.2 to 2.4 kW. The temperature of the discs was measured using a Lascon optical pyrometer system. Temperatures ranged from 600-850 ºC. During sintering the part reaches the required sintering temperature almost instantaneously and as the heating is largely limited to the area within the plasma ball, cooling is rapid, allowing the part to be removed quickly. Total process time including treatment, pump down and cooling is 20 minutes Non-Plasma Microwave Sintering Microwave sintering was carried out in a microwave induction heating furnace. Samples were fired in the microwave furnace with a 6 kW power supply in a nitrogen atmosphere. They were fired from 450-700ºC. The samples were held on a SiC substrate, which acts as a susceptor, and treated. Susceptors are secondary microwave couplers made from SiC used to enhance heating [5] . The microwave heating process required 2 hours in total including pump down, treatment and cooling.
Furnace Sintering
The furnace sintered samples were sintered in a tube furnace in an argon atmosphere. Three different temperatures were selected; 450, 750 and 900 ºC. The heating rate was 5ºC/min with a dwell time at the maximum temperature of 10 minutes. Cooling required 2-3 hours before the samples could be removed from the furnace, depending on treatment temperature.
Results and Discussion
Mechanical testing of the sintered discs was carried out using 3-point bend tests, Rockwell hardness 15Kg (B-scale) and Archimedes Principle for density measurements. SEM images were also used for examining the morphology of the samples.
Density
The relative density of the samples was measured using Archimedes principle in mercury. Figure 1 shows the density of nickel for each process. The increase in temperature led to a corresponding increase in density. The tube furnace treatments show that the sintering at higher temperatures gives higher density and reduces pore size. The smaller grain sizes and particle formation allow for more densification. 
Researches in Powder Metallurgy
Transvers rupture strength results Figure 2 shows the TRS for each sintering technique. The microwave plasma sintered samples show greater strength indicating the uniformity of the structure and the smaller grain formation.
The non-plasma microwave shows reduced strength compared with microwave plasma, based on the external heating required to achieve higher temperatures. This heating can have an effect on the grain formation and structure of the sample. The furnace sintering strength improved for samples at the higher compaction pressures. The higher pressures allow necking of the particles within the composition due to the larger grain formation.
Rockwell hardness
The hardness of each sample was determined by Rockwell hardness tests (Bscale). Figure 3 compares the Rockwell values obtained for 750ºC fired plasma microwave samples, 700ºC fired microwave samples and 750ºC furnace fired samples. All samples were processed at 100 MPa and 350 MPa.
Processing times
The required processing times for the three sintering techniques vary from 20 minutes for plasma microwave processing, to 6 hours for furnace sintering. The microwave sintering uses volumetric heating. This type of heating is rapid and there is less need for long heat up and cool down times, due to controlled heating of the chamber. The furnace heating times are far higher based on the ramp up and cooling rates. Figure 4 details the processing times for the three sintering processes. 
SEM Images
The disc cross section SEM images shown in Figure 5 show the morphology and heat affected zones of the plasma microwave and non plasma microwave sintering processes. In each case the top surface of the disc is to the right of the cross-sectional image. The heat affected zone is greater for the non-plasma microwave sample compared with the microwave plasma sample. This is possibly due to the external heating of the sample by the heat susceptors in the chamber. The uniformity of the non-plasma samples is less apparent as the centre of the sample may receive less heat than the surface. The heating obtained with the plasma microwave samples appear to exhibit superior internal heating and homogeneous morphology across the disc cross-section. 
Conclusions
This study shows that the plasma microwave system produces equivalent or superior mechanical performance compared with non-plasma microwave and furnace treatments. Compared with tube furnace firing in particular one of the significant advantages of the plasma microwave process is the rapid firing and cooling rates The part reaches the required sintering temperature almost instantaneously and as the heating is largely limited to the area within the plasma ball at the centre of the chamber, cooling is rapid. This allows the part to be removed within a few minutes of the plasma being turned off. The flexibility and speed of plasma microwave process would indicate that it has considerable potential for applications which require short sintering times or where the control of the level of sintering between the powder grains is important.
